The proton tautomerism of pyrazole-4-carboxylic acid (PCA) has been studied by a combination of 15 N CPMAS and 2 H NMR spectroscopy and relaxometry. Down to 250 K, PCA forms a hydrogen bonded ribbon where adjacent carboxylic and pyrazole groups are linked by an OH· · ·N and an O· · ·HN hydrogen bond, forming either the tautomeric state A or B. Down to about 250 K, the tautomerism is fast on the NMR timescale and degenerate, corresponding to a phase exhibiting dynamic proton disorder. At lower temperatures, a transition to an ordered phase is observed with localized protons, assigned to an all-syn conformation adopting the sequence of tautomeric states ..ABABA.. The longitudinal 15 N relaxation times T 1 of PCA-15 N 2 have been measured at 9.12 MHz (2.1 T). Because of the low field, a chemical shift anisotropy mechanism could be neglected, and the data were analyzed in terms of a dipolar 1 H-15 N relaxation mechanism, yielding the rate constants k HH . The rate constants k HD and k DD were obtained from the measurement and analysis of the 2 H T 1 values of PCA-15 N 1 -d 0.9 and PCA-15 N 1 -d 0.1 measured at 46.03 MHz. Within the margin of error, no kinetic isotope effects could be detected, in contrast to previous results reported for the very fast tautomerism of solid benzoic acid dimers and the much slower tautomerism of solid 3,5-diphenyl-4-brompyrazole (DPBrP) dimers. The Arrhenius curves of all three systems were simulated using the Bell-Limbach tunneling model. Evidence for a major heavy atom motion for the tautomerism of PCA is obtained, associated with small angle reorientation of PCA molecules * Corresponding author. E-mail: limbach@chemie.fu-berlin.de around the molecular axis. The observed proton order-disorder transition and the mechanism of the observed rate process are discussed in terms of a coupling of adjacent tautomeric states.
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The proton tautomerism of pyrazole-4-carboxylic acid (PCA) has been studied by a combination of 15 N CPMAS and 2 H NMR spectroscopy and relaxometry. Down to 250 K, PCA forms a hydrogen bonded ribbon where adjacent carboxylic and pyrazole groups are linked by an OH· · ·N and an O· · ·HN hydrogen bond, forming either the tautomeric state A or B. Down to about 250 K, the tautomerism is fast on the NMR timescale and degenerate, corresponding to a phase exhibiting dynamic proton disorder. At lower temperatures, a transition to an ordered phase is observed with localized protons, assigned to an all-syn conformation adopting the sequence of tautomeric states ..ABABA.. The longitudinal 15 N relaxation times T 1 of PCA-15 N 2 have been measured at 9.12 MHz (2.1 T). Because of the low field, a chemical shift anisotropy mechanism could be neglected, and the data were analyzed in terms of a dipolar 1 Within the margin of error, no kinetic isotope effects could be detected, in contrast to previous results reported for the very fast tautomerism of solid benzoic acid dimers and the much slower tautomerism of solid 3,5-diphenyl-4-brompyrazole (DPBrP) dimers. The Arrhenius curves of all three systems were simulated using the Bell-Limbach tunneling model. Evidence for a major heavy atom motion for the tautomerism of PCA is obtained, associated with small angle reorientation of PCA molecules
Introduction
Up to date, in contrast to the theory of electron transfer, there is no general accepted theory of hydrogen transfer in condensed matter. As proton transfer is usually coupled to charge transfer, it is not surprising that there has been a special experimental [1] [2] [3] and theoretical interest [4] [5] [6] in neutral hydrogen transfer reactions, where one H is transferred along a resonance-assisted intramolecular hydrogen bond or where two or more hydrogen atoms are transferred in coupled hydrogen bonds. Of particular interest are (i) solid state measurements by which diffusion of reactants is avoided, and (ii) measurements of kinetic hydrogen/deuterium isotope effects of degenerate hydrogen transfer reactions which provide information about tunneling of the light hydrons (proton, deuteron, triton) and the contribution of heavy atom motions. Such data can be obtained preferentially by solid state NMR line shape analyses for processes on the millisecond [7, 8] and by relaxation studies for processes on the micro-to nanosecond time scale. 1 H relaxation of static powders is based on the modulation of homonuclear dipolar couplings upon motions of H in hydrogen bonds [9, 10] . H jumps from and to nitrogen may not only modulate 15 N chemical shifts giving rise to typical line shape changes but also 1 H- 15 N heteronuclear dipolar couplings which may be observed by the measurement of 15 N longitudinal relaxation times under magic angle spinning (MAS) conditions and cross polarization (CP) techniques [11] . Most important is, however, deuteron relaxation where jumping deuterons modulate either the quadrupolar interaction or where deuterons are relaxed via the dipole-dipole interaction with jumping protons. The study of 2 H relaxation has been made possible by the pioneering work of Spiess et al. [12] on Fourier Transform 2 H NMR spectroscopy. Kinetic hydrogen/deuterium isotope effects of fast hydron transfers in solids can then preferentially be elucidated by a combination of either 1 H and 2 H relaxation [13] [14] [15] [16] [17] , or of 15 N and 2 H relaxation [18] [19] [20] . Some typical examples which have been studied in the past are depicted in Fig. 1 . For all cases it has been shown that the hydron transfer proceeds by tunneling, even at room temperature. In the solid state, large kinetic hydrogen/deuterium isotope effects have been observed and analyzed in the case of the tautomerism of N,N -diphenyl-6-aminofulvene-1-aldimine (Fig. 1a) and of diarylamidine dimers (Fig. 1d) , which have been studied by a combination of 15 N and 2 H relaxometry [21, 22] . Multiple proton transfers in solid pyrazole dimers, trimers and tetramers ( Fig. 1e to 1g ) are slower and have been studied by 15 N NMR magnetization transfer and line shape analysis [23] [24] [25] [26] [27] [28] [29] [30] [31] . The fastest process in Fig. 1 is the tautomerism of benzoic acid dimers in the solid state, elucidated by 1 H and 2 H relaxometry [13] [14] [15] . Besides the pyrazoles, the gas phase degeneracy of the reactions in Fig. 1 is lifted by solid state interactions which lower the energy of one tautomer and increase the energy of the other one. In solid tropolone (Fig. 1b) only one tautomer is observed as the proton is blocked on one of the two heavy atoms, in contrast to the gas phase where tropolone exhibits tunnel splittings in its vibrational spectra [32] . Spiess et al. [33] have shown by two-dimensional rotor-synchronized 13 C NMR that a very slow tautomerism Hydrogen bonded systems exhibiting multiple proton transfers in the solid state. a N, N -diphenyl-6-aminofulvene-1-aldimine [19] , b tropolone [32, 33] , c benzoic acid dimer [13] [14] [15] , d arylamidine dimer [21, 22] , e pyrazole dimer, f pyrazole trimer and g pyrazole tetramer [24] [25] [26] [27] [28] [29] [30] .
of solid tropolone observed by Bax et al. [34] is associated with molecular jumps into neighboring vacant molecular sites. Some years ago some of us have found an intriguing case of coupled proton and heavy atom transfer [35] , i.e. the case of crystalline pyrazole-4-carboxylic acid (PCA, Fig. 2a ). Single crystal X-ray crystallography indicated that the molecule forms linear ribbons linked by double hydrogen bonds between the pyrazole and carboxyl groups (Fig. 2b) , exhibiting dynamic or static proton disorder. By 15 N CPMAS NMR, a single 15 N line was observed at room temperature indicating that the disorder is dynamic, caused by a rapid degenerate proton tautomerism between two tautomers A and B according to Fig. 2c . Interestingly, below 250 K, a new phase appeared exhibiting ordered protons, which became dominant around 200 K. Ab initio calculations indicated that the OH· · ·N hydrogen bonds are somewhat shorter than O· · ·HN hydrogen bonds, lead- ing to an angle of about 1.7
• between two adjacent molecules of the same tautomer type. Thus, it was concluded that a linear ribbon as observed by X-ray crystallography can only be formed in case of a strongly alternating tautomer sequence ...ABABA... as illustrated in Fig. 2d , where the two protons of a given PCA molecule adopt a synconfiguration. By contrast, if all molecules adopt an anti-configuration, i.e. when all PCA molecules form the same tautomer -AAAA-or -BBBB-as illustrated in Fig. 2e , a curved ribbon results, where 216 PCA molecules form a circle. This result is schematically illustrated in Fig. 3 which can also explain, that fast crystallization can lead to an amorphous structure with coexisting domains of ordered and disordered protons. It follows, that the PCA molecules must reorient slightly when a double proton transfer according to Fig. 2c occurs. It is then conceivable that such heavy atom motions influence the Arrhenius curve, may reduce the occurrence of tunneling and hence the kinetic hydrogen/deuterium isotope effects which have been found to be large in the case of benzoic acid and pyrazole dimers (Figs. 1c and 1e) . Note that the 3,5-dimethyl analogue of pyrazole-4-carboxylic acid also shows fast proton transfer in the solid state according to CPMAS NMR experiments [36] .
Therefore, we undertook the present NMR study of polycrystalline PCA in order to characterize the tautomerism of PCA in more detail. After an experimental section, we firstly report the longitudinal 15 N relaxation times of PCA which are converted into rate constants using a purely dipolar 1 H-15 N relaxation mechanism. Kinetic H/D isotope effects are then derived from longitudinal 2 H relaxation times at two different deuterium fractions in the mobile proton sites. Finally, the data are discussed in comparison with previous results on pyrazole [1, 15] and benzoic acid [31] dimers.
Experimental section

Materials
Pyrazole-4-carboxylic acid-15 N 1 and -15 N 2 were synthesized as described previously [35] according to procedures reported in the literature for the unlabeled compounds [37, 38] , starting from doubly or singly 15 N labeled hydrazine sulfate. The latter was synthesized starting from 15 NH 3 and hydroxylamine-O-sulphonic acid [39] . The final product was purified by recrystallization from water, and then dried in vacuum at 60
• C for 24 hours. In order to determine the rate constants of the HD and DD reactions a partially deuterated sample exhibiting a deuterium fraction of x D < 0.1 and a fully deuterated sample with x D > 0.9 were prepared by dissolving PCA under argon atmosphere in a mixture of methanol-d 1 as deuterating agent and the corresponding amount of methanol. The solution was kept at 4
• C overnight under argon atmosphere and the crystals formed were dried in vacuum at 60
• C for 24 hours. To prevent the loss of deuterium during the measurements all the deuterated samples were sealed in 5 mm glass tubes. For the experiments under MAS, Pyrex R inserts for 6 mm MAS rotors purchased from Rototec Spintec GmbH were used. To achieve the necessary symmetry for the high speed MAS, the filled inserts were mounted in a homebuilt lathe and flame-sealed while spinning.
NMR spectroscopy
The 15 N CPMAS experiments were performed on 15 N 2 -PCA at 9.12 MHz and 30.41 MHz using Bruker CXP 100 and MSL 300 NMR spectrometers equipped with standard 7 mm and 5 mm Doty probes. We used a normal cross polarization sequence, which minimizes ringing artifacts [40] , with 3 to 8 ms cross polarization times, 6-10 μs 1 H-90
• pulse width, 3 to 10 s recycle delay. For the measurement of the 15 N longitudinal relaxation times T 1 in connection with the CP scheme, a pulse sequence described by Torchia [41] was employed. Due to phase cycling of the first proton 90
• pulse and of the receiver phase, at longer equilibration times, the accumulated magnetizations in this experiment cancel; thus, the time dependence of the longitudinal magnetization is given simply by M = M o exp −(t/T 1 ). Between 500 and 2500 scans were accumulated on average, with a contact time for cross polarization of between 1.5 and 5.0 ms, and a repetition time of 1 to 3 s. Low temperature measurements were carried out by passing nitrogen gas through a home built heat exchanger [42] immersed in liquid nitrogen, thus allowing temperatures as low as 90 K to be achieved, maintaining spinning speeds between 2 and 2.5 kHz large enough for obtaining essentially rotational side band-free spectra. The 15 N chemical shifts were referenced to external solid 15 NH 4 Cl. Sample temperatures were measured using a 15 N chemical shift thermometer described previously [43] . The measurements of the 2 H T 1 relaxation times were performed using a homebuilt 7 Tesla spectrometer operating at a Larmor frequency of 46.03 MHz, equipped with a home-built low temperature 2 H probe for static samples, and a Chemagnetics probe for samples rotating at the magic angle. Singly 15 N labeled PCA -synthesized for another study of [ 15 N 1 ]-4-methylpyrazole -was employed in order to characterize the sample by 15 N CPMAS NMR spectroscopy at 30.41 MHz prior to the 2 H relaxation time measurements. The latter were determined using a saturation recovery pulse sequence followed by a solid echo sequence. The saturation part involved a string of 90
• pulses (3.6 μs) with non-equal spacing to avoid any undesired echo formations. The two 90
• pulses of the solid echo sequence were spaced by 35 μs. The echo was recorded and Fourier transformed, allowing the evaluation of T 1 of individual lines in the spectrum. Finally, we note that we did not try to determine the 2 H chemical shifts with respect to a standard reference as we did not perform high-resolution 2 H MAS measurements. Thus, the frequency of the 2 H NMR signal center was set to zero.
Results
15 N spectra and corresponding longitudinal relaxation times
Figure 4a depicts the variable temperature 15 N CPMAS NMR spectra of PCA-15 N 2 which have been described previously [35] . For comparison, we depict in Fig. 4b spectra of PCA-15 N 1 measured at 30.41 MHz. As discussed above, down to 250 K only a single line at 203 ppm is observed indicating a rapid degenerate proton tautomerism according to Fig. 2c , exhibiting an equilibrium constant of K = 1. This indicates that the proton disorder observed by crystallography (Fig. 2b) is dynamic. By contrast, below 250 K, two outer lines appear at 233 ppm and 172.5 ppm. Their intensities grow when temperature is further decreased. A variation of cross polarization times did not change this result. Thus, the temperature effects are real and not caused by a temperature-dependent cross-polarization efficiency. The high-field line stems from the protonated and the lowfield line from the non-protonated nitrogen atoms of the pyrazole units. At 190 K only the outer signals are observed. This behavior does not follow the usual pattern of decoalescence but indicates a proton disorder-order transition [35] . As noted before [35] , freshly prepared PCA often exhibits a 15 N line trio similar to the 209 K spectrum in Fig. 4a already at room temperature. The outer signals disappear when the sample is annealed at 150
• C. This observation has been explained in terms of a conversion of a sample exhibiting a structure such as illustrated in Fig. 3c into the linear undulated ribbon structure of Fig. 3a. A comparison of the spectra in Fig. 4a and 4b, for example at 209 K and 208 K, indicates that depending on the exact sample history, the observed proton disorder-order transition can take place at slightly different temperatures.
The proton transfer modulates the 1 H-15 N dipolar interactions symbolized by double arrows as illustrated at the top of Fig. 6 . α represents the jump angle. Thus, 15 N relaxometry can be used to obtain the corresponding rate constants [11] . Therefore, we measured the temperature dependent 15 N-T 1 relaxation times at 9.12 MHz for the coalesced center line between 373 K and 240 K. We did not measure the relaxation times at 30.41 MHz because at this Larmor frequency 15 N relaxation is no longer purely dipolar but contributions from a chemical shielding anisotropy complicate the analysis [11] . As illustrated in Fig. 5 , the 15 N polarization created by cross polarization decays in a mono-exponential way to zero, as the add-substract scheme used together with alternating +π/2 and −π/2 1 H pulses cancel the equilibrium polarizations. The results of the relaxation experiments are assembled in Table 1 and are plotted in Fig. 6 in a logarithmic way as a function of the inverse temperature. A T 1 minimum of 0.585 s was observed at 273 K. The solid curve was calculated as previously for related cases [11, 19, 20] using the master equation for the spin-lattice relaxation rates of nuclei S caused by fluctuations of the heteronuclear dipolar interaction with spins I which exchange between two sites [44] . For polycrystalline solids, this equation depends on the molecular orientation with respect to the external magnetic field. However, under MAS conditions, in the presence of a two-state tautomeric equilibrium between two forms A and B, the T 1 values are given in very good approximation by the isotropic average [11] . For a degenerate tautomerism from and to 15 N, i.e. a tautomerism exhibiting an equilibrium constant of 1, the 15 N relaxation rate can then be expressed as 
where k AB = k BA = k represent the rate constant of the forward and backward reaction of the degenerate tautomerism. The dipolar interaction between the two spins, modulated by the tautomerism as illustrated at the top of Fig. 6 , leads to the geometric factor
where r NH (A) and r NH (B) represent the NH distances in forms A and B, and α the jump angle as defined in Fig. 6 . Note that R should not be confused with the gas constant, used in this work in the context of the Arrhenius equation. In good approximation, one can assume that The solid curve in Fig. 6 was obtained assuming an Arrhenius law k Table 1 .
Generally, it is difficult to derive exact dipolar couplings from the geometric factor R, because of the two unkowns, r N...H and α in Eq. (4). For r N...H r NH the upper value of r NH = 1.16 Å results which is lowered if r N...H is increased. Thus, the value of R is compatible with the value of 1.05 Å expected from OHN hydrogen bond correlations [45, 46] In a first step, in order to determine the strength of the 2 H-quadrupolar interaction, solid-echo experiments were performed at 150 K and 293 K on samples of PCA at deuterium fractions of x D > 0.9 and < 0.1 in the mobile proton sites. Some results are included in Fig. 7 . At 150 K and x D > 0.9, for the phase with ordered protons, the signal could be simulated assuming the presence of two non-exchanging deuteron sites I and II, exhibiting different quadrupole coupling constants Q zz (I) = 134 kHz, i.e. Q cc (I) = 4/3Q zz (I) = 179 kHz and Q zz (II) = 103 kHz, i.e. Q cc (II) = 137 kHz. Within the margin of error the corresponding asymmetry factors were the same for both sites, i.e. η = 0. We tentatively assign I to the OD and II to the ND deuterons because quadrupole coupling constants of OD groups [47, 48] are on average larger than those of ND groups [49] .
The spectra at 293 K were simulated using the values Q zz = 116 kHz, i.e. Q cc = 155 kHz and η = 0.2, indicating fast exchange of the deuterons between oxygen and nitrogen. Unfortunately, we were not able to calculate the room temperature spectra for a degenerate tautomerism using the low-temperature parameters in order to determine the deuteron jump angle. For this task, the chemical shift difference of OD and ND deuterons needs to be taken into account which requires careful low-temperature MAS measurements.
In the second step, the longitudinal 2 H relaxation times T 1 were measured for both samples between 403 K and 210 K. Experiments at room temperature and below were carried out on static samples, whereas at higher temperatures measurements were performed on samples spinning at the magic angle with a spinning speed of 5 kHz. At all temperatures the signals grow exponentially with time. An example of the static experiment is shown in Fig. 8 . The T 1 times obtained for both samples are listed in Tables 2  and 3 , and are plotted in a logarithmic way as a function of the inverse temperature in Fig. 9 .
In order to calculate the solid line in Fig. 9 we used the master equation for the longitudinal relaxation of deuterons in a hydrogen bond in the presence of a degenerate tautomerism [50] 
where
Here, the symbols have similar meanings as in Eq. (1). C in s −2 is a constant which depends on the quadrupole coupling constants q cc (A) and q cc (B) in the two tautomeric states, on the asymmetry factor η and on the jump angle θ between both tensors as illustrated at the top of Fig. 9 . However, as noted before [13, 19] , it is difficult to calculate C from the 2 H NMR spectra. Therefore, in a similar way as the factor R in Eq. (1), C was treated as a parameter to be determined by the fit of the experimental data to Eq. (5). A possible temperature dependence of C because of temperature-dependent quadrupole coupling constants as observed for carboxylic acids [51] was neglected. Again, an Arrhenius behavior was assumed in order to describe the dependence of the rate constants Tables 2 and 3 . Using the parameters obtained by line shape analysis, we find that the value of C is compatible with a jump angle of about 152
• .
Discussion
The rate constants k (Fig. 2c) in the high-temperature phase exhibiting hydron disorder, assembled in Tables 1 to 3 , are visualized in the Arrhenius diagram of Fig. 10 . The rate constants k HH are only slightly larger than those of k DD , whereas the values of k HD exhibit a substantial scattering. Thus, within the margin of error of our measurements, the kinetic HH/HD, HD/DD and HH/DD isotope effects are less than 1.5.
In order to rationalize these findings, let us compare them in Fig. 11 with those obtained previously for the solid benzoic acid dimer and 3,5-diphenyl-4-brompyrazole (DPBrP) dimers. Whereas DPBrP exhibits in the solid state a tautomerism which is degenerate within the margin of error [31] , one of the two tautomers of the benzoic acid dimer is preferred in the solid state, i.e., the equilibrium constants of the tautomerism are slightly smaller than unity [9, [13] [14] [15] . Thus, in this case we have plotted in Fig. 11 the forward rate constants k LL AB , LL = HH, HD, DD according to the analysis presented in Ref. [1] .
As has been discussed before [1] , proton transfers in NHN hydrogen bonds are often slower than in OHO hydrogen bonds, in agreement with the observation that the heavy atom distances in the latter are shorter and hence the barriers lower than in NHN hydrogen bonds. It is, therefore, not surprising that an intermediate situation is observed in the case of PCA where a carboxylic acid is hydrogen bonded to a pyrazole moiety. However, even more striking is that the double proton transfers of both benzoic acid dimer and of DPBrP are characterized by large kinetic HH/HD/DD isotope effects, whereas the corresponding process in PCA does not exhibit large effects.
In the following discussion we want to address the question of how the orderdisorder transition in PCA occurs, and what the mechanism of the double proton transfer is. Two possibilities are illustrated in Fig. 12, i. e. a concerted transfer as discussed for the benzoic acid dimer and for DPBrP and a stepwise transfer, as discussed for a variety of intramolecular transfers [1] [2] [3] .
Calculation of Arrhenius curves using the Bell-Limbach tunneling model
In order to elucidate what can be learned from the Arrhenius curves of Figs. 10 and 11 we have simulated the Arrhenius curves in Fig. 11 using the Bell-Limbach tunneling model and the parameters assembled in Table 4 . This model has been applied to a number of single and multiple proton transfers, mostly degenerate ones, and has been reviewed recently in detail [1] [2] [3] . In the context of this study, we will discuss only shortly the main tunnel parameters for some typical cases which will assist us later to interpret the results of Fig. 11 .
In Fig. 13a and 13b are depicted schematically arbitrary reaction profiles of degenerate single H transfer processes. It is assumed that starting in the initial state, first heavy atom motions are required before the pre-tunneling state is reached, symbolized by a dagger. Naturally, hydrons bound to the heavy atoms move together with the latter. To reach the pre-tunneling state a minimum energy E m is required which shows little changes upon H/D substitution. Only the energies of the reactant and the pre-tunneling state are depicted as horizontal lines linked by upward curved vertical ones, but not the reaction profiles for these heavy atom motions. This profile can be omitted as it is assumed that the heavy atom motion does not constitute the rate-limiting step. Once the system is in the pre-tunneling state, it is assumed that the reaction profile can be described in terms of an inverted parabolic barrier. The barrier width 2a at the base shows little hydron dependence, whereas the barrier heights E Fig. 13a E m is small and E d is large, the contrary is assumed in Fig. 13b . The tunneling probabilities also depend strongly on the tunneling mass m
Δm constitutes an extra term which takes care of heavy atom motions during the tunneling process. Such motions arise typically from small displacements of C or N associated with single-double bond distance changes accompanying the hydron transfer.
The corresponding Arrhenius curves of H and D transfer exhibit patterns as illustrated in Fig. 13c and 13d . At high temperatures, the slopes are given by the sums E m + E are large the difference is also large. Therefore, at high temperature, larger H/D kinetic isotope effects are expected for the profile in Fig. 13a than for the one in Fig. 13b . At low temperatures, the slopes of the Arrhenius curves are given by E m , leading to parallel Arrhenius curves for H and D. The rate constants are given by the tunnel probabilities in the pre-tunneling state. These constants as well as the kinetic H/D isotope effects at low temperatures depend on all barrier parameters. As illustrated in Fig. 13d , they . For explanation of symbols see text. are especially small for the reaction profile of Fig. 13b . In the intermediate temperature range, the Arrhenius curves exhibit a concave curvature, even in the case of the profile of Fig. 13b . Similar results are obtained for concerted degenerate double HH transfers as illustrated in Fig. 13e and 13f Fig. 13f , the Arrhenius curves show again curvature because of a small tunneling contribution, but little kinetic isotope effects.
In Fig. 14a we consider the reaction profile of a degenerate stepwise double hydron transfer where E L d > E m . In the case of the HH and DD transfers, both in the first as well as in the second step the same isotope is transferred. Internal return to the reactant state cuts the total rate in half. If the barrier is isotope-dependent, kinetic HH/DD isotope effects result. By contrast, in the case of the HD reaction, only the step in which D is transferred is rate-limiting. Therefore, the HD rates are approximately doubled as compared to the DD rates as illustrated in Fig. 14c [1,52] . Otherwise, the Arrhenius curves behave in the same way as for the single H transfer case depicted in Fig. 13c . When E L d < E m , for a profile such as illustrated in Fig. 14b , again the kinetic isotope effects are drastically reduced although the Arrhenius curves may show still some curvature as depicted in Fig. 14d . Thus, in this case it becomes difficult to distinguish between a concerted and a stepwise transfer. We also note that the concerted and the stepwise HH transfer constitute limiting cases and that various intermediate cases are possible. Rauhut et al. [53] have studied "plateau" reactions which are realized when the energy of the intermediate is raised producing a very wide flat single barrier region which cannot be described in terms of an inverted parabola.
Finally, we want to mention that kinetic hydrogen/deuterium isotope effects might be different for non-degenerate transfers as has been discussed previously [1, 54] .
Heavy atom motions associated with the double proton transfer of PCA and related systems
Let us have again a look at the Arrhenius curves of Fig. 11 and their parameters included in Table 4 . Firstly we note that the total barrier E m + E d of the double proton transfer in PCA is close to the arithmetic mean of the corresponding values of benzoic acid dimer and of DPBrP, and hence the rate constants are close to the geometric mean. The main difference is, however, the behavior of the kinetic isotope effects. The double proton transfers in benzoic acid dimer and DPBrP are of the type depicted in Fig. 13e , typical for a concerted reaction mechanism. The minimum energy E m for tunneling to occur is small in the case of benzoic acid dimer, and mainly caused by the small energy difference between the two tautomers. Below this energy, tunneling can not occur. Apparently, hydrogen bond compression is not necessary to reach the pre-tunneling state. The kinetic HD/DD isotope effects are somewhat larger than the HH/DD isotope effects, a finding which has been assigned to a weakening of the two OHO hydrogen bonds by double deuteration [1] . This effect is absent in the weaker NHN hydrogen bonds of DPBrP where E m is larger than for benzoic acid dimer. Such a large value has been associated with a substantial heavy atom motion arising from hydrogen bond compression in order to reach the pre-tunneling state [1, 3] . The finding that in the case of PCA E m is larger and the kinetic isotope effects much smaller than in benzoic acid dimer and DPBrP is consistent with an even larger heavy atom motion before the pre-tunneling state is reached as illustrated in Fig. 15 . The data do not allow us to distinguish between a stepwise and a concerted motion, but as mentioned above, both cases merge in the case of small barriers. We speculate that the heavy atom motion is associated with a small angle rotation of the two reacting PCA molecules by which especially the O· · ·H-N hydrogen bond is strengthened, leading to a collinear arrangement. One might argue that such a motion should not require much more energy than the hydrogen bond compression in DPBrP. However, such a compression will not be hindered by adjacent molecules as in the case of PCA where the double proton transfer in a given double hydrogen bond unit may be influenced by the tautomeric state of an adjacent hydrogen bond unit.
The mechanism of proton transfer through the hydrogen bonded ribbons of PCA
The above-mentioned coupling of the double proton transfer with small angle rotations of PCA molecules and the corresponding molecular motions of PCA ribbons, lead to a mechanism of the proton tautomerism and order-disorder transition visualized schematically in Fig. 16 . At low temperatures, a given ribbon adopts an all-syn conformation ...ABABA... (see Fig. 3a ). Upon temperature increase, a double proton transfer in a given unit will lead to a double defect of the type ..ABBBA.. of higher energy but also of higher entropy as compared to the initial state. This defect will then separate and dissociate into two single defects which move along the ribbon. It is difficult to estimate whether these reaction steps are downhill or uphill in free enthalpy. We assign the main mechanism of double proton transfer in solid PCA to the propagation of single defects through the ribbon as illustrated in the last step, consisting of the interconversion steps Fig. 16 . Proposed mechanism for the order-disorder transition and of degenerate double proton transfer in solid PCA. At low temperatures, the undulated curved ribbon with localized or ordered protons is realized. When temperature is increased, a non-degenerate double proton transfer produces a double defect. The double defect separates into two single defects. After separation, a single defect propagates via a degenerate double proton transfer along the ribbon, producing proton disorder.
between AA and BB. Of all steps in Fig. 16 , this step is the one whose equilibrium constant is closest to unity, i.e. it represents a quasi-degenerate step. Only an ideal ribbon of infinite length will exhibit an ideal order-disorder transition in a given temperature range. A distribution of finite chain lengths, or other chain imperfections, will change the order-disorder transition temperature of a given ribbon which explains that different PCA samples may exhibit slightly different and broad transition temperatures. To our knowledge, this kind of transition constitutes a case which has not yet observed before. We note that this mechanism is similar to the one of proton exchange in pure protic solvents such as methanol (AH) [55] . Here, in the first step the dissociation into the solvated cation AH 2 + and the anion A − takes place -which requires energy but increases entropy, then the two ions separate, and eventually both ions move independently through the liquid via proton transfer to and from AH.
Conclusions
Using a combination of longitudinal 15 N and 2 H relaxometry, we have obtained rate constants of the double HH, HD and DD transfers in solid dimeric units of PCA ribbons (Fig. 2) . Within the margin of error, no kinetic isotope effects (KIE) were observed. This is unusual as compared to pyrazole dimers and benzoic acid dimers, which exhibit large kinetic HH/HD/DD isotope effects. We associate the absence of KIE in PCA to small molecular reorientations preceding proton tunneling and during proton tunneling. A mechanism for the observed order-disorder transition of PCA is proposed.
